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ABSTRACT

The discovered planets in apparent single-planet systems (hereafter singles) and those in systems with multiple detected planets (hence-
forth multis) exhibit a rich diversity of physical and orbital properties. However, it is still debated whether the observed singles and
multis originate from the same underlying planet population. We investigate the differences and similarities between 1730 singles and
1522 multis in a catalogue of confirmed transiting planets orbiting main-sequence stars with spectral classes ranging from late-M to
late-F. After we removed the hot Jupiters, the planet types and their fractional numbers were similar for the multis and singles hosted
by FGK-type stars. Furthermore, the median radii of both the singles and the multis increase with host star temperature already from
late- to early-type M dwarfs and further up to F stars. Our analyses show that the singles are larger on average than the multis in our F,
G, K, and M samples. However, after we excluded the hot Jupiters, the radius distributions of the singles and multis orbiting FGK stars
are statistically indistinguishable, particularly at R < 4 Rg. In the FGK sample, we also identified an unexpected and significant over-
abundance of multis, compared to singles, at radii of ~1.4-1.6 Rs. For the early- and late-type M samples, our work indicates that
the multis are smaller on average than the singles and that the radius distributions of the multis and singles are different, except for
the planets with R < 4 R hosted by early-type M dwarfs. Nevertheless, these results for the two M samples are inconclusive because
the sample sizes of 167 and 101 planets are limited. In conclusion, our analyses reveal that the singles and multis, excluding the hot
Jupiters, orbiting FGK stars are overall consistent with originating from the same underlying population based on their planet types
and radii. This interpretation is, however, not applicable within the region of the overabundance of multis at ~1.4—1.6 R, identified in
this work, which is an intriguing feature warranting further investigations.

Key words. planets and satellites: detection — planets and satellites: fundamental parameters — planets and satellites: general

1. Introduction

Over the past few years, exoplanetary science has undergone
significant progress, driven by technological advances and the
detection of more than 6000 planets beyond the Solar Sys-
tem. One of the primary discoveries has been the rich diversity
of exoplanets and planetary system architectures. Considerable
effort has been devoted to characterising the observed exoplanet
population and to developing theoretical models for their forma-
tion and evolution (e.g. Mulders 2024; Armitage 2024; Burn &
Mordasini 2024).

In the first paper of this series, we found that planets in multi-
planetary systems (hereafter multis) often exhibit intra-system
similarities in their radii, masses, and orbital spacings (Muresan
et al. 2024). These features stand in contrast to those of the sys-
tems with only one detected planet (hereafter singles). However,
observational biases and selection effects limit our knowledge
of the true multiplicity of the planets in a system and of their
physical and orbital properties. It remains uncertain whether
the observed singles are intrinsically single-planet systems or

* Corresponding author: muresan@chalmers.se

members of higher-multiplicity systems with undetected planets
(e.g. Weiss et al. 2018; Zhu et al. 2018).

Previous analyses of Kepler systems identified a feature now
denoted as the Kepler dichotomy: an excess of single-planet sys-
tems compared to predictions based on the observed multiplicity
distribution of multis (Lissauer et al. 2011; Ballard & Johnson
2016). Several hypotheses have been proposed in order to explain
the origin of this dichotomy. One possibility is that a substan-
tial fraction of the single-planet systems are intrinsically singles
and represent a distinct planet population. Another explanation is
that the singles belong to a population of dynamically hot multi-
planetary systems with high eccentricities and elevated mutual
inclinations. This feature reduces the probability of detecting
multiple planets in the same systems and increases the observed
singles-to-multis ratio (e.g. Ballard & Johnson 2016; Zhu et al.
2018; He et al. 2020). Corroborating this hypothesis, Gilbert
et al. (2025) identified that the eccentricity-radius relations of
multis and singles are similar, thereby suggesting that they have
a common origin. This idea is also supported by previous studies
that found the properties of the Kepler host stars of singles and
multis to be statistically indistinguishable (Weiss et al. 2018; Zhu
et al. 2018). Alternatively, the Kepler dichotomy might arise due
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Table 1. Properties of singles and multis orbiting different types of stars.

Spec.  Ten A A Nin R,(Rs) Ry (Re)
type X excl. HIs excl. HIs  excl. HJs excl. HJs
F 5960-6200 239 227 163 226 225+0.04 226+0.03
G 5325-5960 814 644 621 634 236+0.02 2.29+0.02
K 3890-5325 534 526 448 519 2.09+0.02 2.06 +0.02
MO-2 3450-3890 87 80 76 80 1.94 £ 0.04 1.64 +0.04
M3-9 2310-3450 56 45 48 45 1.53 +£0.05 122+0.03

Notes. N and R represent the number and the median radii, respectively, of the singles (s) and multis (m). The host stars are divided into five spectral
types based on their effective temperatures Tg. The tabulated uncertainties are computed via Monte Carlo simulations, assuming a Gaussian
distribution for the radius of each planet (Sect. 3.3). Spectral types M0-2 and M3-9 correspond to early- and late-type M stars, respectively. The
total of planets orbiting F-, G-, and K-type stars comprise the FGK sample analysed in this work. “Excluding hot Jupiters” (excl. HJs) refer to the

samples after removing the hot Jupiters (P < 10 days and R > 6 Rg).

to a reduced transit detection efficiency for additional planets in
the same system (Zink et al. 2019).

If singles and multis originate from the same underlying
population, their radius distributions are expected to be sim-
ilar. Analysing a sample of Kepler planet candidates orbiting
FGK-type stars, Zhu et al. (2018) identified similar radius distri-
butions for singles and multis, particularly for planets with radii
(R) < 2 Rg. Equivalently, Weiss et al. (2018) reported statistically
indistinguishable radius distributions of the singles and multis
with orbital periods (P) > 3 days and R <4 Ry in a sample of
Kepler candidates hosted by FGK stars. In contrast, Liberles
et al. (2024, hereafter Lib24) found significant differences
between the radius distributions of the multis and singles
orbiting M and late-type K dwarfs.

Despite these prior studies, it remains unclear whether the
radius distributions of singles and multis are similar across the
full range of planet types and host star classes. The main objec-
tive of our work is to examine the detected transiting singles and
multis and to test whether they are consistent with originating
from the same underlying population based on their radii. In
Muresan et al. (2024), we reported that the planetary radius dis-
tributions in systems with three or more planets are statistically
indistinguishable. In this paper, we extend our previous analyses
and also include systems with one and two detected planets. Par-
ticularly, we compare the radius distributions, planet types, and
relative occurrences of the transiting singles and multis for dif-
ferent host star types. The data samples are described in Sect. 2,
followed by the statistical analyses in Sect. 3. We discuss our
results in Sect. 4, before presenting the conclusions in Sect. 5.

2. Data samples

We constructed our initial catalogue using the NASA Exoplanet
Archive (Christiansen et al. 2025) by selecting all the confirmed
planets with measured orbital periods and radii that orbit host
stars in single-star systems with effective temperatures between
2310 and 6200 K'. These limits correspond to stars spanning
spectral types from late-M to late-F.

The NASA Exoplanet Archive classifies a planet as con-
firmed when it has been statistically validated in a refereed
publication and found unlikely to be a false positive. As a result,
our sample includes (i) statistically validated planets detected
exclusively via the transit method, and (ii) planets confirmed

I Accessed at https://exoplanetarchive.ipac.caltech.edu.
Our planet catalogue was last updated on 2025-08-15.
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through transits and complementary detection techniques. We
adopted the Archive classification scheme and regard all planets
in our catalogue as confirmed.

We further restricted our sample to planets with R < 24 Rg
that have reported uncertainties in both radius and orbital period,
hosted by main-sequence stars with ages greater than 0.1 Gyr.
This selection yielded a catalogue containing a large number of
both singles and multis, comprising exclusively confirmed plan-
ets, thereby enhancing the overall reliability of the dataset. For
planets with multiple radius measurements listed in the Archive,
we adopted either the most recent value or the measurement with
the smallest reported uncertainty.

Since our catalogue combines data from multiple missions
and relies on heterogeneous methods for deriving the stellar
properties, it is subject to intrinsic data inhomogeneities. This
feature introduces certain caveats, which are further addressed
in Sect. 3.4, where we analyse three additional, and more homo-
geneous, planet subsets. The results derived from our analyses
of the individual subsets are mutually consistent and also agree
with our analyses of the full catalogue.

We divided our catalogue into five sub-samples based on the
host star effective temperature and the corresponding spectral
type, following the classification of Pecaut & Mamajek (2013).
Within each sub-sample, planets were further categorised as sin-
gles or multis according to the observed planet multiplicity in
their host system. Table 1 lists the adopted temperature ranges
of the host stars as well as the numbers and median radii of the
singles and multis in each sub-sample.

In order to enable robust comparisons between the confirmed
multis and singles, we excluded from the initial catalogue only
a few planets due to their very large radius uncertainties (og).
Imposing an overly restrictive upper bound on the relative radius
errors (0g/R) might bias the resulting samples by preferentially
removing unequal fractions of singles and multis and by favour-
ing certain types of planets. We therefore applied a high upper
limit of og/R < 15%, while the remaining radius uncertainties
were accounted for in our analyses via Monte Carlo simulations,
as explained in Sect. 3.3. This selection retained more than 95%
of the planets orbiting M- and K-type dwarfs, as well as more
than 90% of the planets hosted by G and late-type F stars.

The final sample contains 3252 transiting planets, compris-
ing 1730 singles and 1522 multis in a total of 677 multi-planetary
systems. Among the singles, 514 (*30%) were detected via radial
velocity (RV) observations as well, while 484 (x32%) of the
multis also have RV or transit-timing variation (TTV) measure-
ments, with 264 and 275 planets possessing RV and TTV data,
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respectively. This implies that approximately 31% of the planets
in our catalogue are dynamically confirmed, while the remain-
ing ~69% were statistically validated and listed as confirmed in
the NASA Exoplanet Archive. For simplicity, we refer to all the
planets in our catalogue as confirmed.

Figure 1 shows the box plots of the planetary radius distribu-
tions in each of the five sub-samples associated with the host star
spectral type. These plots reveal apparent differences in both the
central values and the dispersions of the radii between singles
and multis across various host star types. Notably, hot Jupiters,
which are defined here as planets with P < 10 days and R > 6 Ry,
are predominantly singles orbiting host stars with T > 5000 K.
After we excluded this type of planet from our catalogue, the
radius distributions of the singles and multis became very similar
within each sub-sample, as seen in Fig. 1b. The near resemblance
between the radii of the singles and multis in the F, G, and K-type
sub-samples was further enhanced when we restricted the analy-
sis to the small planets with R < 4 Rg, as displayed in Fig. Ic. We
stress, however, that similarities in the planet radii do not neces-
sarily imply similar planetary masses or bulk compositions (e.g.
Leleu et al. 2024; Schulze et al. 2021).

As displayed in Fig.1, following the removal of hot Jupiters,
the F, G, and K sub-samples exhibit similar radii box plots.
We therefore combined these sub-samples into one, henceforth
denoted as the FGK sample. In contrast, the planets in the two
M samples possess smaller radii on average and were there-
fore not included in the FGK sample. Moreover, we analysed
each M sample separately since the planets orbiting late-type M
dwarfs (M3-9), particularly the multis, possess smaller median
radii than the planets hosted by early-type M stars (M0-2), as
shown in Fig. 1.

The number of systems and the observed planet multiplicities
in the FGK, early-M, and late-M samples are displayed in Fig. 2.
All three samples exhibit similar multiplicity distributions with
the singles constituting slightly more than 50% of the population,
followed by the two-planet systems and comparable fractions of
the three-, four-, and at least five-planet systems.

As shown in Table 1 and Fig. 1, hotter stars generally host
larger planets, as previously reported by Lozovsky et al. (2021).
Our work further shows that the median and mean radii of both
the singles and the multis increase with host star temperature,
even after the hot Jupiters were excluded. In agreement with
prior research, our analyses also indicate that planets orbiting M
dwarfs generally have smaller radii than planets hosted by FGK
stars (e.g. Gaidos et al. 2016). Additionally, we found that they
also tend to possess shorter orbital periods compared to plan-
ets around FGK stars, and that late-type M dwarfs host smaller
planets on average than early-type M dwarfs (Sect. 3.3).

3. Comparisons between singles and multis
3.1. Percentages of different planet types

In order to assess whether single- and multi-planet systems
host the same types of planets, we classified the singles and
multis independently into six categories. The resulting frac-
tional numbers, along with their associated Poisson uncertain-
ties, are reported in Table 2: ultra-short-period planets (USPs;
P < 1day, R <4Rg), hot giants (P < 10 days, 4 <R < 6Ry),
hot Jupiters (P < 1 day, R > 6 Rg), small planets (P > 1 day,
R < 4 Rg), warm giants (10 < P < 100 days, R > 4 Rg), and cold
giants (P > 100 days, R > 4 Rg). The distribution of planet types
in the FGK and in the early- and late-type M samples are also
illustrated in Figs. 3 and 4. In the FGK sample, hot Jupiters
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(b) Full samples, excluding hot Jupiters.
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Planet radius [Rs1]

(c) Planets with R < 4 R

Fig. 1. Boxplots showing the radius distributions of all the singles
(magenta) and multis (blue) examined in this work, divided into five
samples based on the spectral type of the host star. Each box includes the
data between the 0.25th and 0.75th quantiles, while the whiskers extend
to the 5th and 95th percentiles. The median and mean radii of both the
multis and singles increase as the host star temperature increases. The
number of planets in each sample is indicated next to the host star type.
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2210 FGK hosts
2984 planets

122 MO-2 hosts
167 planets

75 M3-9 hosts
101 planets

Fig. 2. Three main planet samples, divided into sin-
gles (magenta) and multis, for which the colours

Planet multiplicity
H 1 (singles)

\%

Ny

623 FGK hosts
1397 multis, incl. HJs

1587 FGK hosts
1587 singles, incl. H)s

Planet types

mmm USPs

I Hot giants
612 FGK hosts BN Hot Jupiters

1379 multis, excl. Hjs = Small planets

Warm giants

Cold giants

1232 FGK hosts
1232 singles, excl. HJs

Fig. 3. Singles and multis orbiting the FGK host stars in our catalogue,
divided into six different planet types as indicated in the figure legend
and Table 2. Upper panel: entire FGK sample, including hot Jupiters, of
which only 1% are multis. Lower panel: FGK sample after removing the
hot Jupiters. The singles and multis now have similar fractional numbers
of the remaining five planet types.

account for 23% of all the singles but only 1% of the multis.
When this category of planets is excluded, the fractions of the
remaining five planet types comprising the singles are similar to
those for the multis.

In the early- and late-type M samples, all the hot Jupiters
are singles. In contrast to the FGK sample, even after excluding
the hot Jupiters from both M-star samples, the singles and multis
possess different distributions of planet types, as shown in Fig. 4.
Noticeably, these distributions are also different from those in
the FGK sample as neither the singles nor the multis contain
cold giants, and all the hot Jupiters, warm giants, and hot giants,
except for one, reside in single-planet systems.

3.2. Percentages of singles and an overabundance of multis

Excluding the hot Jupiters, we computed the fraction of singles
for each planet type separately for the FGK and the two M-
dwarf samples. The resulting fractions, along with their binomial
uncertainties, are reported in Table 3. For instance, in the FGK
sample, ~95% of the observed hot Jupiters, ~61% of the USPs,
and ~38% of the cold giants belong to single-planet systems.
Furthermore, we computed the fractional number of singles as
a function of the planet radius for the FGK and the early- and
late-type M samples, after removing the hot Jupiters, as plotted
in Fig. 5. For this computation, we first sorted the planets in each
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2 indicate the observed planet multiplicity in the
3 system. The corresponding number of planets is
e 4 written in white font. M0-2 and M3-9 hosts repre-
5+ sent early- and late-type M stars, respectively. The

FGK sample contains all the planets in Table 1 that
orbit F, G, and K-type stars.

87 MO0-2 hosts
87 singles

76 MO-2 hosts
76 singles, excl. H)s

35 MO0-2 hosts
80 multis

Planet types

BN USPs
56 M3-9 hosts 48 M3-9 hosts 19 M3-9 hosts T oL giants
56 singles 48 singles, excl. HJs 45 multis = HotJupiters
Emm Small planets
Warm giants

Fig. 4. Singles and multis in the early-type (upper panel) and late-type
(lower panel) M sample, divided into five different planet types as listed
in the figure legend and Table 2. The middle column displays the distri-
bution of the singles after removing the hot Jupiters.

of our three samples in order of increasing planet radius. Then,
we applied a sliding-window method by calculating the percent-
age of planets that are singles in each moving bin containing
100 singles in the FGK sample, 20 singles in the early-type M
sample, and 15 singles in the late-type M sample. In each bin,
we included all the multis with radii between the minimum and
maximum radius of the singles in that bin prior to computing the
percentage as a function of the mean radius of the total planets
in the bin.

As shown in Fig. 5a, in the FGK sample without hot Jupiters,
the singles account for slightly less than 50% of the planets with
R < 6 Rg on average, regardless of the orbital period. However,
the percentage function displays an unexpected and significant
decline to ~37% at R = 1.5 Rg. Our analysis of this function
showed that the percentage of singles exhibits a local minimum
at R = 1.4-1.6 Rg. This implies that the fractional number of
multis increases significantly within the specified radius range,
which we hereafter refer to as the multis overabundance. In con-
trast to the FGK sample, the fraction of singles in neither the
early- nor the late-M samples fluctuates, and it instead increases
monotonically from ~40% at a mean radius of =1 Rg to more
than 80% at mean R ~ 4 R,

3.3. Distributions of planetary radii

The radius distributions of the multis and singles in the FGK and
the two M samples, after removing the hot Jupiters, are presented
in Fig. 6. The singles and multis orbiting FGK stars display
similar radius distributions, except for the region of the multis
overabundance at R = 1.4-1.6 R where the number of multis
increases significantly compared to the number of singles, as
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Table 2. Percentages of the six planet types, comprising the singles and mulltis.

Spec. s/m USPs Hot giants Hot Jupiters Small planets =~ Warm giants ~ Cold giants
type (P<, (P <10, (P <10, (P>1, (10<P <100, (P> 100,
R<4) 4<R<6) R > 6) R <4) R>4) R>4)
FGK S 3+£05% 2+04% 23+ 1% 66 + 2% 5+0.6% 1+0.3%
m 2+04% 1+03% 1+0.3% 88 + 3% 6 +0.6% 2+0.4%
Mo-2 S 7 +3% 10 + 3% 13 +4% 68 £ 9% 2+ 2% 0%
) m 4 +2% 1+1% 0% 95 + 11% 0% 0%
M39 S 16 + 5% 0% 14 + 5% 70 + 11% 0% 0%
m 4+ 3% 0% 0% 96 + 15% 0% 0%

Notes. Singles (s) and multis (m) in each of the FGK-type, early-type M (M0-2) and late-type M (M3-9) samples, divided into six different planet
types, along with the corresponding percentages and Poisson uncertainties. The radii (R) and orbital periods (P) are in units of Earth radii and days,
respectively. For instance, small planets with P > 1 day and R < 4 Rg account for #66% of the singles and ~88% of the multis in the FGK sample.

Table 3. Percentages of the singles in different sub-samples.

Spec. type Total USPs Hot giants Hot Jupiters Small planets Warm giants  Cold giants
FGK 53+1% 61+5% 69+7% 95 +3% 46 £ 1% 52 +4% 38+7%
MO0-2 52+4% 67+17% 90+ 16% 100% 44 + 4% 100% 0%
M3-9 5+£5% 82+ 15% 0% 100% 48 + 6% 0% 0%

Notes. Percentages and binomial uncertainties of the detected planets that are singles in each of the sub-samples listed in Table 2. For instance,
singles account for ~46% of the confirmed small planets with P > 1 day and R < 4 R, in the FGK sample. Spectral types M0-2 and M3-9 represent

early- and late-type M host stars, respectively.

highlighted in Figs. 5a and 6a. We found an indication of an
overabundance of multis emerging for the planets orbiting
M dwarfs as well, although at smaller radii of =~1.0-1.4Rg
(further discussed in Sect. 4.1). We note, however, that this
newly identified feature is uncertain given the low number of
confirmed planets with M host stars.

Furthermore, Fig. 6a shows that both the multis and the sin-
gles hosted by FGK stars exhibit a deficit of planets at ~1.8 Rg
within the radius valley that separates super-Earths from sub-
Neptunes (Fulton et al. 2017; Van Eylen et al. 2018). This
common feature is indicative of a universal mechanism pro-
ducing the radius valley, which is independent of the planet
multiplicity, consistent with earlier findings by Weiss et al.
(2018). The multis, however, display a much deeper radius valley
than the singles due to their overabundance at R ~ 1.4-1.6 Rg.

Figure 6 also indicates that the singles and multis orbit-
ing M dwarfs, especially those in the late-type M sample,
exhibit different radius distributions. In the two M samples, the
radius distributions of the singles are skewed towards higher val-
ues compared to those of the multis, and all the planets with
R > 2.7 Rg, except for two multis, are singles. In contrast to
Lib24, who found that the multis around M and late-type K
stars are larger than the singles on average, our analyses suggest
the opposite: The singles are larger than the multis on average,
both within the entire radius range and even only for the planets
with R < 4 Rg. These results apply both to the M sample and to
the planets orbiting M and late-type K stars with Teg < 4500 K
selected from our catalogue after imposing the same temperature
limit as Lib24.

We measured the significance of the differences between
the radii of the singles and multis by conducting the following
three comparison tests: a Kolmogorov—Smirnov (K-S) test,
a two-sample Anderson-Darling (A-D) test, and a Mann—
Whitney (M-W) U test (detailed in Sect. A.2). The adopted

null hypothesis was that the radii of the multis and singles can
be drawn from the same distribution. We compared the radius
distributions of the singles and multis in each of the FGK,
early-, and late-type M samples, and for the following three
sub-samples: (i) all planets excluding hot Jupiters, (ii) planets
with R < 4 Rg, and (iii) planets with R > 4 Rg. Table 4 provides
the numbers and the median radii of the planets, as well as the
p-values from the three comparison tests for each sub-sample.

In order to account for the uncertainties in the radius mea-
surements, we performed Monte Carlo simulations by drawing
10° random samples with replacement, assuming a Gaussian dis-
tribution for the radius of each planet with its published value
and errors corresponding to the median and +10 uncertainties
of the distribution. In each of the 10° runs, we computed the
median radii and the statistics from the three comparison tests.
The medians with the corresponding 16th and 84th percentiles
of the resulting distributions for the computed test p-values and
median radii are listed in Table 4.

Our findings indicate that the radii of the multis and singles
in the FGK sample without hot Jupiters are consistent with being
drawn from the same distribution according to all three compar-
ison tests (for example, a K-S p-value of =0.26). As reported in
Table 4, the analyses also yield relatively high p-values for plan-
ets with R < 4 Rg (e.g. K-S p-value ~0.67) and lower p-values
at R > 4 Ry, excluding hot Jupiters, (K-S p-value =0.12). These
results suggest that the singles and multis are consistent with
originating from the same underlying population based on their
radii, especially at radii <4 Rg. This conclusion agrees with
the data displayed in Fig. 6a, showing that after removing the
hot Jupiters, the multis and singles in the FGK sample have
similar median radii, particularly for planets with R < 4 Rg. Con-
versely, at R > 4 Rg the singles have a median R = 6.94 R and
are therefore slightly larger than the multis, which have a median
R ~ 6.10Rg.
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Fig. 5. Percentages (purple line) and binomial uncertainties (magenta
region) of the planets that are singles as a function of planet radius
(Sect. 3.2). These percentages are computed as a function of the mean
of the planet radii in each consecutive bin comprising 100 singles in the
FGK sample (panel a), 20 singles in the early-type M sample (panel b),
and 15 singles in the late-type M sample (panel c). The sharp decline
for the FGK sample occurs in the region of the multis overabundance at
R~ 14-1.6R,.

In contrast to the FGK sample, the singles and multis in each
of the two M samples have different radius distributions with
singles being larger on average, as shown in Fig. 6 and Table 4.
Furthermore, when we excluded all the planets with R > 4 Ry,
the radius distributions of the singles and multis orbiting early-
type M dwarfs were statistically indistinguishable. We note that
these results remain inconclusive due to the limited sample size
of confirmed planets orbiting M dwarfs.

Figures 7 and 8 display the radii as a function of the orbital
periods of the singles and multis, excluding the hot Jupiters, in
the FGK, early-, and late-type M samples. The percentage of the
detected planets that are singles in each grid cell of the graph
is also indicated. The cumulative distribution functions shown
in each of these figures help us to compare the distributions of
the radii and orbital periods of the singles with those of the
multis within each of the three samples. As seen in Fig. 7, the
singles and multis in the FGK sample, after removing the hot
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(c) The late-type M sample, after removing the hot Jupiters.

Fig. 6. Radius distributions of the singles (magenta) and multis (blue),
with the median radii indicated by the vertical black lines. The singles
and multis in the FGK sample (panel a) have similar median radii and
exhibit a dearth of planets at R ~ 1.8-1.9 R, which appears more pro-
nounced for the multis because they are overabundant at R = 1.4—1.6 Rs.
In the early- and late-type M samples, the singles have larger median
radii than the multis.

Jupiters, have similar cumulative distributions of the radii and
orbital periods. Notably, there is no significant difference in the
period-radius planes of the multis and singles. In contrast, Fig. 8
shows that the singles and multis in each of the two M samples
do not display similar cumulative distribution functions.

Figure 8 also indicates that the planets orbiting early- and
late-type M dwarfs have shorter orbital periods on average and
are smaller and less diverse than the planets hosted by FGK stars.
Particularly, except for two multis, all the planets with R > 2.7 Rg,
in the two M samples are singles, of which only two singles
in the early-type M sample have P > 25 days. In contrast, in
the FGK sample, multis account for *59% of the planets with
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Table 4. Properties of the singles and multis in the FGK, early-, and late-type M samples.

Spec.  Sub-sample N, Ny R R, K-S A-D M-W
type (Re) (Rs) p-value p-value p-value
Full samp. 1587 1397 2.57+0.02 2.21 +0.01 <1071 <1073 <1072
Excl. HJs¢ 1232 1379 224 +0.01 2.19 +0.01 0.26 £0.12 0.11 £ 0.04 0.21 = 0.07
FGK R <4Rg 1099 1258 2.10+0.01 2.09 +0.01 0.67 + 0.17 >0.25 0.74 + 0.15
R >4Rs’ 133 121 694 +020 6.10+0.09 0.12+£0.06 0.04 +£0.03 0.04 £ 0.02
Full samp. 87 80 2.08+0.04 1.64+0.04 <107* <1073 <1073
MO-2  Excl. HJs* 76 80 194+0.04 1.64+0.04 0.012+0.009 0.004+0.002 0.016 +0.009
R <4Rg 65 79 179004 162+0.04 037013 0.15 £ 0.05 0.27 £ 0.09
Full samp. 56 45 1.81 £0.07 1.22+0.03 0.003 = 0.003 <1073 <1073
M3-9  Excl. HJs? 48 45 1.53 £0.05 122+0.03 0.047+£0.029 0.017 £0.009  0.018 = 0.10
R < 4Ry 48 45 1.53 £0.05 122+0.03 0.047£0.029 0.017 £0.009  0.018 +0.10

Notes. s and m stand for singles and multis, respectively, while NV and R represent the number and the median radii of the planets in each sample,
respectively. Spectral types MO-2 and M3-9 correspond to early- and late-type M dwarfs, respectively. The p-values indicate the significance of the
differences between R, and R,, in each sample, as measured with three tests: the Kolmogorov—Smirnov (K-S), the two-sample Anderson—Darling
(A-D), and the Mann—Whitney (M—W) U test. All the reported +1o-uncertainties are computed via Monte Carlo simulations (Sect. 3.3). @This
sub-sample comprises the singles and multis in the sample, after removing the hot Jupiters. ’This sub-sample contains the giants with R > 4 Rg,

excluding the hot Jupiters.

P > 25 days and R > 3 Rg, even though the five planets with the
longest orbital periods are singles.

3.4. Subsets of Kepler planets

In our initial catalogue presented in Sect. 2, we included nearly
all the confirmed transiting planets in order to acquire a large
sample of both singles and multis. This sample is diverse and
heterogeneous as it contains various planets detected primarily
by Kepler, K2, and TESS. In order to evaluate our results
reported in Table 4, we compiled three additional smaller
and more homogeneous subsets consisting only of confirmed
Kepler planets. All three subsets were constructed using the
same planets to create a consistent basis for comparison and to
evaluate how the variations in references, measured values, and
degree of sample homogeneity affect the statistical outcomes.

Two of the new subsets were selected from the planet
catalogue provided by Lissauer et al. (2024, hereafter 1.24),
which contains stellar and planetary parameters for more than
4300 transiting Kepler Objects of Interest (KOI) candidates
and confirmed planets. The third subset comprises the same
Kepler planets as the first two subsets but with parameters from
our initial catalogue, which contains only confirmed planets.
We cross-matched the L24 catalogue with our catalogue with-
out applying any upper limit on the radius uncertainties in order
to select all the planets present in both datasets. This process
resulted in 1080 singles and 1055 multis orbiting FGK stars,
as well as 24 singles and 42 multis hosted by M dwarfs, after
adopting the effective temperatures in our catalogue’.

Since the numbers of singles and multis hosted by M dwarfs
are small and highly unequal, any analysis of these planets
would likely be biased and unreliable (further discussed in
Sect. 3.5). Therefore, we compiled the following three sub-
sets, each containing the same 2135 cross-matched planets
orbiting FGK stars, but with planetary parameters selected from

2 There are 21 singles and 49 multis in our initial catalogue that are not
present in the L24 catalogue. These planets were therefore not included
in any of the three new subsets.

different sources:
(D) the L24 subset I (based on the first set of planetary
parameters from L.24, which prioritizes accuracy),
(II) the L24 subset II (based on the second parameter set from
L24, which has been derived in a homogeneous manner),
(IIT) this work’s subset III (containing the corresponding param-
eters from our initial planet catalogue).
We conducted similar comparison tests as in Sect. 3.3 by first
dividing each of the three subsets into distinct sub-samples based
on the planet types, prior to comparing the singles and multis.
The numbers and median radii of the planets in these sub-
samples as well as the p-values from the K-S, A-D, and M-W
U tests (following 10° Monte Carlo simulations) are reported in
Table A.1. The results are consistent for all three subsets, indicat-
ing that the radius distributions of the singles and multis are sta-
tistically indistinguishable for the full subsets with and without
hot Jupiters and for the sub-samples of planets with R < 4 Rg.

The p-values from the comparison tests performed on
the FGK sample from our initial catalogue (Table 4) agree
overall with the p-values listed in Table A.1. The only difference
arises when hot Jupiters are included: In contrast to our initial
full FGK sample, the singles and multis in all three full subsets
in Table A.1 are statistically indistinguishable based on the K—
S and the M-W U tests. Additionally, as reported in Table 4
for our FGK sample after removing the hot Jupiters, the sin-
gles exhibit a larger median radius than the multis for planets
with R > 4 Rg. This trend appears strengthened in the three new
subsets at R > 4 Rg, excluding hot Jupiters, particularly in the
homogeneous L.24 subset II.

In conclusion, there are only minor differences between the
three subsets in Table A.1, based on the analysis we performed.
The L24 subset I, the uniformly derived L24 subset II, and
our work’s subset III display similar radius distributions and
show consistent results, regardless of the chosen references
for the planetary radii. This further implies that the main
distinction between the results for our initial FGK sample and
those for the three subsets is driven by the inclusion of the
non-KOI transiting planets in our initial sample and by the
correspondingly increased sample size.
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(b) The late-type M sample, excluding the hot Jupiters.

hot Jupiters, in the period-radius plane, which is colour-coded by the

percentage of singles. For both M samples, the cumulative distribution functions indicate that both the radii and the orbital periods distributions of
the singles and multis are different. These findings are uncertain due to the small sample sizes.

3.5. Inconsistency with a previous study

In a recent study, Lib24 analysed a sample of KOIs comprising
a total of 149 singles and 141 multis orbiting M and late-type
K stars with T < 4500 K. For the entire sample and only for
planets with R < 6 Rg, the authors identified that the radii of
the singles and multis cannot be drawn from the same distribu-
tion, and that the multis are larger than the singles on average.
In contrast, our analyses indicate that the multis in our early-
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and late-type M samples are smaller than the singles, as shown
in Table 4 and Fig. 6. However, these findings must be inter-
preted with caution given the limited sample sizes studied in both
works.

As shown in Fig. 1 and Table 4, the planets, especially the
multis, orbiting late-type M dwarfs have smaller radii overall
than the planets hosted by FGK stars and early-type M dwarfs.
Additionally, in contrast to the late-M sample, the radius dis-
tributions of the singles and multis with R < 4 Rg orbiting
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early-type M dwarfs were found to be statistically indistinguish-
able (K-S p-value =0.37). Therefore, planets orbiting late-M,
early-M, and FGK stars should be analysed as separate samples
(see e.g. Tables 2—4) in order to robustly test the differences
between the singles and multis within and across the distinct
samples.

Furthermore, we cross-matched the planet sample exam-
ined by Lib24 with the list of KOIs from the NASA Exoplanet
Archive (Christiansen et al. 2025) and found that the sample
contains 149 singles (68 candidates and 81 confirmed) and 141
multis (12 candidates and 129 confirmed). Adopting the plane-
tary radii used by Lib24, we compared the singles and multis in
their sample and obtained results that agree with those reported
by the authors. Additionally, we removed all the planet candi-
dates from the Lib24 sample and only compared the confirmed
KOIs. Our analyses showed that the radius distributions of all
the confirmed singles and multis in this dataset as well as only
of those with R < 6 Rg exhibit no significant differences. This
highlights the discrepancy between the authors’ initial sample
and the set that only contains confirmed planets.

In order to further compare our results with those reported
by Lib24, we compiled two new samples after implementing the
same upper limit on the host star temperature as was applied by
the aforementioned authors. The first new sample comprised all
the planets orbiting stars with T < 4500 K selected from our
initial catalogue without applying any upper limit on the radius
uncertainty. This amounted to 268 singles and 257 multis, 107,
180, and 238 planets of which have late-M, early-M, and late-
K host stars, respectively. This new sample thus contains three
times as many singles and twice as many multis as those that
were confirmed in the Lib24 dataset. For this new sample as
well as only for the subset of planets with R < 6 Rg, we found
significant evidence that the radius distributions of the singles
and multis are different, and that the median radius of the singles
is larger. However, after we removed the planets hosted by late-
type M dwarfs from this sample, our analyses revealed that the
radii of the remaining multis and singles with R < 5 Rq appear to
be statistically indistinguishable (K-S p-value =0.12). This result
emphasises the importance of accounting for the planets orbiting
late-type M dwarfs, since they are smaller on average than the
rest of the planets, as shown for instance in Fig. 1.

The second new sample used for comparisons between
Lib24’s and our results contains all the confirmed KOIs orbit-
ing stars with Ty < 4500 K selected from the 124 catalogue
(described in Sect. 3.4). We adopted the first set of param-
eters provided in their catalogue since not all the host stars
had a temperature value listed in the second set of param-
eters. Our analyses identified the radius distributions of the
resulting 96 singles and 124 multis to be statistically indistin-
guishable for the entire dataset as well as only for the planets
with R < 6 Rg, thereby contradicting Lib24’s finding. Since this
sample only contains nine planets hosted by late-type M dwarfs,
these results mainly reflect the planet population around early-M
and late-K stars.

4. Discussion
4.1. The multis overabundance

We investigated the planet multiplicity distributions in sev-
eral samples of confirmed transiting planets and compared the
planet type distributions, the fractional numbers, and the radii
of the singles with those of the multis in different host star

classes. These analyses are essential for determining whether
the observed singles are genuine singles or members of multi-
planetary systems in which additional planets have not yet been
detected.

As shown in Figs. 5a and 6a for the FGK sample, there is
an overabundance of multis (184) compared to singles (109) at
radii of =1.4-1.6 Ry. When examining only the Kepler plan-
ets from this sample, we identified an overabundance of multis
within the same radius interval of R ~ 1.4-1.6 Ry, thereby indi-
cating that the multis overabundance does not emerge from our
catalogue’s combination of planets detected by different tele-
scopes. Correspondingly for the early- and late-type M samples,
Fig. 6 indicates that the multis are more prevalent than the sin-
gles at R = 1.0-1.4 Rg. This finding remains tentative, however,
owing the insufficiently large numbers of confirmed single- and
multi-planetary systems hosted by M dwarfs.

We investigated whether the planets within the radius range
of the multis overabundance in the FGK sample have distinc-
tive or atypical properties compared to the rest of the singles and
multis, which follow a similar distribution everywhere outside
the mentioned region, as seen in Fig. 6a. The higher occurrence
of multis relative to singles at R ~ 1.4-1.6 R might indicate
either that planets of these sizes are intrinsically more likely
to reside in multi-planet systems, or that observational biases
favour their detection in systems hosting multiple planets, for
instance due to low mutual inclinations.

A noticeable feature for the early- and late-type M samples
in Fig. 8 is that the singles and multis in the region of the mul-
tis overabundance at R = 1.0-1.4 Rg do not have similar orbital
periods. Nearly all the singles with radii in this range possess
short orbital periods of P < 2 days, while the vast majority of the
multis have P > 2 days. This feature might result from statistical
biases due to the small sample size, and the discovery of addi-
tional planets is therefore required in order to verify this trend.
Conversely, the planets in the radius range of the multis over-
abundance orbiting FGK stars possess similar orbital periods, as
observed in Fig. 7.

Furthermore, there are only 26 pairs of adjacent planets in the
FGK sample in which both planets possess radii of ~1.4—1.6 R,
while the remaining planets in this radius interval have adjacent
neighbours with smaller and/or larger radii. Therefore, the mul-
tis overabundance contains 184 multis in 158 different planetary
systems, thus indicating that the overabundance of multis is not
caused by an abundance of systems that contain peas-in-a-pod,
similarly sized planets with R = 1.4-1.6 Rg. Consequently, the
multis overabundance warrants further investigations in order to
determine its probable origin.

In addition to the tests described in Sect. 3.3, we computed
the K-S, the A-D, and the M—W U tests on the multis and sin-
gles, excluding hot Jupiters, in the FGK sample as a function of
increasing maximum radius Rp,«. In each test, we only included
the planets with radii smaller than a specified value, incremen-
tally increasing from 1 to 16 Rg. The K-S p-values from this
analysis are plotted in Fig. 9, indicating that the radii of the mul-
tis and singles are not significantly different overall. However,
the p-values and, thus, the similarities between the singles and
multis abruptly decrease at Rp,x = 1.4 Rg and remain below the
0.05 significance level until Ry.x ~ 1.6 Rg. This feature is likely
associated with the overabundance of multis, since the p-values
decline sharply when planets with R ~ 1.4 Rg are included in the
analysis. Only after leaving the regime of the multis overabun-
dance at R > 1.6 Rg do the p-values begin to increase, indicating
that the radius distributions of singles and multis again become
statistically indistinguishable.
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Fig. 9. K-S test p-values for the singles and multis in the FGK sample,
excluding hot Jupiters, computed as a function of the maximum radius.
Each consecutive test compares only the planets with radii smaller than
the radius indicated on the x-axis. The multis and singles are sig-
nificantly different when the planets within the region of the multis
overabundance at R = 1.4-1.6 Ry are included in the test. Only after
including larger planets do the p-values increase again above the 0.05
significance level.

In our previous study of confirmed multi-planetary systems,
we identified a correlation between the masses and orbital spac-
ings of adjacent planets, as well as enhanced orbital spacing
dispersions of inner planets in systems that also host outer giant
planets. These properties suggest that large outer planets might
affect the inner planets and their orbital configurations dynami-
cally, potentially exciting their mutual inclinations, and thereby,
reducing the number of inner planets that are detectable via tran-
sits (Lai & Pu 2017). This hypothesis might explain the statistical
similarity between the observed singles and multis (excluding
hot Jupiters) if a fraction of the apparent singles actually reside
in multi-planetary systems with planets that remain undetected
due to orbital misalignment. Additionally, there are other pos-
sible mechanisms that can elevate the mutual inclinations in a
planetary system during its formation and evolution, such as
planet—planet scattering (Weiss et al. 2018), planet interactions
and breaking of resonant chains (Izidoro et al. 2021), and spin-
orbit misalignment (Spalding & Batygin 2016). These processes
are also likely to increase the orbital eccentricities, thus explain-
ing why the observed singles possess higher eccentricities on
average than the multis (Xie et al. 2016; Lissauer et al. 2024).
Nevertheless, it has not yet been studied whether these mecha-
nisms are also able to predict the multis overabundance found in
this work.

4.2. Observational biases

Weiss et al. (2018), Berger et al. (2020), and Zhu et al. (2018)
found no significant differences in the distributions of the stellar
mass, radius, age, metallicity, temperature, or projected rota-
tional velocity between stars hosting multiple planets and those
hosting singles. Therefore, we considered in our analyses that
the selection and observational biases associated with the host
stars are the same for the singles and multis, hence not affecting
the comparisons between them. We investigated the possibility
that a fraction of the detected single-planet systems might in fact
host additional as yet undetected planets and should therefore be
reclassified as multis. By contrast, we assumed that all the multis
in our catalogue are genuine, owing to their high reliability and
the significant probability that multiple planets occur within the
same system (Lissauer et al. 2014).
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For the entire FGK sample and each of its three sub-samples
listed in Table 4, we conducted a bootstrap analysis in which
one-third of the singles were randomly selected and assigned as
multis. We iterated this process 10° times, computing the K-S,
A-D, and M-W U tests between the new singles and multis in
each run. The medians of the p-value distributions resulting from
this analysis agree with the values for the initial samples listed
in Table 4. They indicate that the radii of the resampled multis
and singles in each of the three FGK sub-samples without hot
Jupiters can be drawn from the same distribution. Importantly,
these results suggest that the observed similarity between the
singles and multis is likely to persist and might even increase
as additional adjacent planets or outer giants are discovered in
already known systems (e.g. Persson et al. 2025; Lillo-Box et al.
2023; Orell-Miquel et al. 2023).

Complementarily, we considered the possibility that a frac-
tion of the singles in our catalogue are in fact false positives. In
a process similar to the one described above, we performed 103
iterations on the FGK sample without hot Jupiters and randomly
selected one-third of the singles that lacked radial-velocity mea-
surements. These planets were discarded from the sample in each
iteration prior to computing the K-S, A-D, and M-W U tests
between the multis and the resampled singles. The medians of
the resulting p-values are consistent with the p-values for the
initial samples reported in Table 4. This indicates that the radius
distributions of the singles and multis, excluding hot Jupiters, in
each of the three FGK sub-samples are statistically indistinguish-
able even after demoting some of the singles to false positives.
Notably, the distribution of the false-positive probabilities of
the confirmed KOIs has been shown to display a low median
of <1% (Morton et al. 2016). Given that approximately 75% of
the singles in our catalogue are confirmed KOIs, our choice of
discarding one-third of the singles likely represents an overesti-
mated large number. Removing a smaller proportion of singles
would therefore be expected to have an even more negligible
effect on the initial results reported in Table 4.

5. Conclusions

We compared the planet types, the fractional numbers, and the
radius distributions of the confirmed transiting singles and mul-
tis in different host star classes divided into the FGK-, the early
M-, and the late M-star samples. The main conclusions are listed
below:

The mean planet radii of both the multis and the singles increase
with the host star temperature.

In the full FGK sample including hot Jupiters, the singles are
larger on average than the multis.

For the FGK sample, we found the following after removing the
hot Jupiters:

— The planet types and their fractional numbers comprising the
singles and multis are similar.

— The radius distributions of the singles and multis are statis-
tically indistinguishable overall and display similar median
radii, particularly at R < 4 Rg.

— We identified an abundance of multis, compared to sin-
gles, at R = 1.4-1.6 Rg, which we referred to as the multis
overabundance.

For the early- and late-type M samples, the following findings
are inconclusive because the sample sizes were small:



Muresan, A., et al.:

— Both the multis and the singles orbiting late-type M dwarfs
are smaller than those with early-type M hosts.

— The radii of the singles and multis in neither the early-
nor the late-type M samples can be drawn from the same
distribution. Only the radius distributions of the planets
with R < 4 R orbiting early-M stars are statistically indis-
tinguishable.

— The singles are larger on average than the multis in the late-
type M sample.

— We found an overabundance of multis, compared to singles,
atR ~ 1.0-1.4R,.
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Appendix A: Singles and multis
A.1. Ultra-short-period planets

Within the small-planet population, ultra-short-period (USP)
planets constitute a special planet category, as listed in Tables 2
and 3, and have been found to reside primarily in single-planet
systems (Weiss et al. 2018; Goyal & Wang 2025). In the FGK
sample, singles account for 61 + 5% of all the USP planets with
P < 1day and R < 4 Rg. For the USP sub-sample with FGK host
stars, all three comparison tests, as outlined in Sect. 3, indicate
that both the radius and the orbital period distributions of the sin-
gles are statistically indistinguishable from those of the multis.
Notably, there are 83 FGK systems in which the innermost planet
is a USP planet with P < 1 day and R < 2 Rg. Singles account
for 49 (59 + 5%) of these systems and, thus, constitute a lower
fraction of the observed USP systems than previously reported
by Goyal & Wang (2025), who also included systems with USP
candidate planets. These numbers indicate that while more than
50% of the confirmed USPs are singles, this percentage increases
when USP candidates are also included in the sample.

A.2. Statistical tests for comparisons

As reported in Sect. 3.3 and Table 4, we assessed the significance
of the differences between the radii of the singles and mul-
tis by employing three statistical tests: a Kolmogorov—Smirnov
(K-S) test, a two-sample Anderson-Darling (A-D) test, and a
Mann—Whitney (M-W) U test. They are non-parametric tests and
do not require or assume the data to follow a specific probabil-
ity distribution. The null hypothesis posits that the two samples,
which are being compared, can be drawn from the same popula-
tion. The K-S test mainly compares the overall shapes of the two
distributions, while the M-W test focuses on the differences in
their averages, and the A-D test is most sensitive to differences
in the tails of the two distributions. Compared to the other two
tests, the A-D implementation in SciPy employed in this work
outputs a p-value in the interval from 0.01 to 0.25.> The main
results from our comparisons between the multis and singles in
several sub-samples are presented in Table 4. We note that the
K-S test p-values given in Figs. 7 and 8 differ slightly from those
reported in Table 4 since they have not been subjected to Monte
Carlo simulations, as explained in Sect. 3.3.

3 SciPy k-sample test: https://docs.scipy.org/doc/scipy/
reference/generated/scipy.stats.anderson_ksamp.html
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Table A.1: Properties of the singles and multis in the three KOI subsets.

FGK Sub-sample N, N, R, Rn K-S A-D M-W
host stars [Rg] [Rg] p-value p-value p-value
Full subset 1080 1055 2.19+0.01 2.124#0.01  0.16+0.11 0.04+0.02  0.25+0.09
Excl. HIs* 1029 1050 2.14+0.01 2.12+0.01  0.43+0.18 >0.25 0.62+0.15
L24 subset] R < 4Rg 959 961 2.05+0.02 2.03+0.01  0.400.17 >0.25 0.87+0.10
R > 4Rg" 121 94 8324024 6.41+0.22 0.001+0.002 <1073 0.001+0.002
Full subset 1080 1055 2.19+0.01 2.13+0.01  0.24+0.10 0.04+0.02 0.36+0.12
Excl. HJs* 1031 1053 2.13+0.01 2.13+0.01  0.26+0.14 >0.25 0.45+0.13
L24 subsetII R < 4Rg 966 969  2.05+0.01 2.04+0.01  0.27+0.16 >0.25 0.8120.14
R > 4Ry’ 114 86  8.66+0.22 6.31+0.14 <1073 <1073 <107*
Full subset 1080 1055 2.11+0.02 2.16+0.01  0.27+0.15 0.18+0.05 0.43+0.14
This work’s  Excl. HIs* 1036 1053 2.05£0.02 2.16£0.01  0.07+0.06 0.02+0.01 0.02+0.01
subset Il R < 4Rg 979 964  1.99+0.02 2.05+0.01  0.19+0.12 0.18+0.06 0.18+0.09
R > 4Rg" 101 91 7704023 598+0.14  0.01+0.01  0.001+0.002 0.001%0.002

Notes. Comparisons of the confirmed singles and multis orbiting FGK stars in each of the three KOI subsets (Sect. 3.4). s and m stand for singles
and multis, respectively, while N and R represent the number and the median radii of the planets in each sample, respectively. The p-values indicate
the significance of the differences between R, and R,, in each sample, as measured with three tests: the Kolmogorov—Smirnov (K-S), the two-sample
Anderson-Darling (A-D), and the Mann—Whitney (M-W) U test. All the reported +1o-uncertainties are computed via Monte Carlo simulations

(Sect. 3.3).

@This sub-sample comprises all the singles and multis in the sample, after removing the hot Jupiters. ®This sub-sample contains the giants with

R > 4 R, excluding the hot Jupiters.
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